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ABSTRACT 


The  effect  of  the  deceleration  phase  of  deck  response 
to  underwater  explosions  on  the  response  of  seated  man  to 
such  motions  was  investigated  mathematically  using  a  single¬ 
degree-  of  -freedom  model  to  represent  a  man.  It  was  concluded 
that  the  assumption  of  no  deck  deceleration  does  not  result 
in  significant  errors  for  the  majority  of  cases.  However, 
deceleration  is  significant  in  situations  where  the  duration 
of  the  positive  acceleration  is  less  than  one-half  the  apparent 
natural  period  of  seated  man  and  the  ratio  of  acceleration 
to  deceleration  is  about  10  or  less.  Errors  introduced  by 
ignoring  deceleration  may  lead  to  overestimates  of  casualties. 


ADMINISTRATIVE  INFORMATION 

This  work  was  sponsored  by  the  Naval  Ship  Systems  Command  (03^2) 

Under  Task  Area  15796,  SF  43-. 45 1.101 


INTRODUCTION 


Underwater  explosions  produce  violent,  z-axis  shock  motions  of 
ship  decks.  Man's  response  to  these  motions  has  been  the  subject  of 
prior  Investigations  at  the  Naval  Ship  Research  and  Development  Center^-^ 
Injurious  levels  of  shock  motions  have  been  conservatively  estimated 
by  a  semi -empirical  technique1*  and  used  to  derive  a  "sensitivity  curve". 

As  indicated  by  the  example  shown  in  Figure  1,  the  sensitivity  curve 
expresses  injury  as  a  function  of  two  shock  parameters:  applied  accel¬ 
eration  and  change  in  deck  velocity. 

To  derive  such  a  sensitivity  curve,  certain  assumptions  had  to  be 
made  concerning  both  the  shock  input  and  man's  response  to  that  input. 

Shock  input  was  modeled  as  a  square  acceleration  pulse  of  a  given 
duration;  this  will  be  considered  further  in  a  subsequent  section  of 
this  report.  Man  was  assumed  to  respond  as  a  single-degree-of- freedom 
undamped  linear  spring  mass  system.  Data  on  man's  response  to  sinusoidal 
vibration  were  employed  to  provide  an  apparent  natural  frequency  in  the 
seated  position.  Since  direct  shock  injuries  are  due  to  compressive 
forces  acting  on  the  body,  injury  was  interpreted  in  the  model  as 
corresponding  to  a  given  amount  of  spring  compression. 

The  above  assumptions  imply  a  definite  relationship  between 
the  static  compression  of  the  spine  required  for  fracture  and  the  injurious 
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levels  of  shock  motions.  This  relationship  is  shown  in  the  sensitivity 
curve.  Careful  inspection  of  Figure  1  reveals  that  shock  motions  can 
be  subdivided  into  two  groups  on  the  basis  of  their  duration.  For 
acceleration  pulses  that  last  longer  than  one-half  of  the  apparent 
natural  period  of  seated  man,  injury  is  sensitive  to  acceleration.  The 
critical  acceleration  in  such  cases  can  be  shown  to  be 

Acr-  1.2^  w 

where  A*r-  the  critical  long-duration  acceleration, 
the  critical  static  compression,  and 
LO  is  the  apparent  natural  frequency  in  radians/sec 

For  pulse  durations  that  last  less  than  one-half  of  the  apparent 
natural  period  of  seated  man,  injury  is  sensitive  to  the  change  in 
input  velocity  (i.e.,  acceleration  times  duration).  The  critical 
velocity  change  can  be  shown  to  be 

<AVcr'  Xc-  lo  (2) 

Reference  4  employed  previously  determined  values  of  Xc  and  tO 
to  derive  Acr  and  ttVcr  using  Equations  (l)  and  (2).*  This 
resulted  in  a  sensitivity  curve  for  seated  man  such  as  that  presented 
in  Figure  1. 

Figure  2  shows  a  typical  deck  motion-time  history  resulting  from  an 
underwater  explosion.  It  is  apparent  that  a  period  of  approximately 
constant  deceleration  follows  the  positive  acceleration  phase  of  the 
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Sensitivity  Curve  for  Set  ted  Men  and  Ho  Deceleration 


Deck  Acceleration  velocity  (ft/aec) 


Figure  2  -  Typical  Deck  Response  to  an  Underwater  Explosion 


Figure  3  -  Assumed  Deck  Motion 
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deck  motion.  Since  in  practical  cases,  the  duration  of  positive 
acceleration  V  is  less  than  one-half  the  apparent  natural  period  of 
seated  man,  the  maximum  compressive  loading  will  occur  during  the 
deceleration  phase  of  the  deck  motion.  It  should  be  evident  then  that 
man' s  response  to  shipboard  shock  motions  will  depend  on  the  deck 
deceleration.  It  is  the  purpose  of  this  report  to  determine  the  signi¬ 
ficance  of  this  dependence. 


ANALYSIS 

The  input  acceleration  was  assumed  to  be  a  two-phase  acceleration 
history  as  shown  in  Figure  3-  The  duration  of  the  positive  acceleration 
was  taken  as  less  than  one-half  the  apparent  natural  period  of  seated 
man.  Seated  man  was  represented  in  the  mass-spring  model  by  IO=  52.9 
rad/sec  and  Xc  =  3.17  in.  These  values  were  frc*n  Reference  5  wherein 
Xc  =  3.17  in.  corresponds  to  the  author's  estimate  of  a  50-percent 
probability  of  injury  (compressive  fracture  of  the  vertebra) - 

Maximum  compression  was  found  to  occur  at 

-L  -  1.  .TAnTT  5  i  N(U)^T)  1 

CO  L  (  D-f  A  )  •  C  OS  (co'f)  -  A  J  (3) 

where 

A  and  D  are  respectively  the  acceleration  and 
deceleration  (see  Figure  3), 

'C  is  the  duration  of  positive  acceleration  A,  and 
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The  expression  for  the  maximum  compression  is 


W-*  (*-  cos  uot^)  -  (A^oy  (i-  COS  (4) 


RESULTS 


Figures  4,  5,  and  6  are  graphs  of  versus  A  for  ratios 

of  acceleration  to  deceleration  (A/D)  of  100,  10,  and  1,  respectively. 
Each  curve  on  each  figure  represents  a  given  value  of  the  positive 
duration  expressed  nondimens ionally  as  xCK/Zxr. 


Figures  4-6  were  used  to  construct  the  sensitivity  curve  shown 
in  Figure  7.  Logically,  as  the  A/D  ratio  increases,  the  sensitivity 
curve  approaches  that  derived  when  deceleration  is  ignored  (A/D  =00  ) 
The  significant  result  is  that;  deceleration  is  an  influential  factor 
for  A/D  ratios  of  about  10  or  less. 


DISCUSSION 

The  results  showed  that  deceleration  is  a  >potentially  important 
shock  parameter  in  analyzing  the  response  of  seated  man  to  shock  motions. 
Ignoring  deceleration  may  lead  to  errors  which,  fortunately,  are  on 
the  safe  side  frcm  a  design  viewpoint.  For  vulnerability  assessments, 
however,  ignoring  deceleration  may  lead  to  overestimates  of  casualties. 
Deck  decelerations  sufficient  in. magnitude  to  re  stilt  in  A/D  ratios  of 
10  or  less  can  result  from  underwater  explosions.  Such  situations 
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Initial  Acceleration  (G'«) 


Initial  Acceleration  (G'a) 


3000 


Maximum  Spring  Coepreeaion  (in.) 


Figure  5  -  The  Spring  Coepreeaion  as  a  Function  of  the  Initial 

Acceleration  For  the  Caae  Where  the  Acceleration  Equals 
10  TIns  the  Deceleration. 
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Initial  Acceleration  (G' s) 
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figure  7  -  Seniitivity  Curve  for  See  ted  Men  AMiaing  Ration  of  Acceleretioo 
to  Deceleration  of  100,  10,  and  1. 


are  the  result  of  a  shock-induced  excitation  in  the  first  vibrational 
mode  of  a  section  of  decking  between  stiffeners.  In  these  cases,  velo¬ 
cities  are  usually,  but  not  always,  below  the  range  associated  with 
direct  injury  (10-15  ft/sec).  Examples  of  cases  where  high  input 
velocities  and  decelerations  occur  in  combination  are  available  in 
Reference  6.  It  is  clear  that  caution  should  be  exercised  in  applying 
sensitivity  curves  that  have  been  derived  by  ignoring  deceleration. 

Reference  7  contains  velocity  records  obtained  from  the  deck  of 
an  M551  tank  exposed  to  detonations  of  shallow  land  mines.  In  many 
of  these  records,  the  A/D  ratio  is  10  or  less  and,  hence,  deceleration 
is  a  significant  parameter.  Other  impact  phenomena  may  also  show 
characteristics  which  make  deceleration  important. 

CONCLUSIONS 

Under  the  assumptions  set  forth  in  this  report  i  t  '  concluded  that 

1.  Man's  response  to  vertical  shock  accelerations  in  the  seated 
position  will  depend  on  the  applied  deceleration  (a)  if  the  duration 
of  the  positive  acceleration  is  less  than  one-half  the  apparent  natural 
period  (  '^59*3  msec)  of  seated  man  and  (b)  if  the  ratio  of  acceleration 
to  deceleration  (A/D)  is  about  10  or  less. 

2.  The  exclusion  of  deceleration  may  introduce  significant  errors 
in  the  analysis  of  seated  man's  response  to  vertical  deck  shock  motions 
induced  by  underwater  attack.  These  errors  will  be  on  the  conservative 
side  from  a  design  viewpoint.  For  vulnerability  assessments,  however, 
ignoring  deceleration  will,  in  many  cases  lead  to  overestimates  of 
casualties . 
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